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Abstract
Exposure of photosystem II membranes to trypsin that has been treated to inhibit chymotrypsin activity produces limited
hydrolysis of manganese stabilizing protein. Exposure to chymotrypsin under the same conditions yields substantial digestion
of the protein. Further probing of the unusual insensitivity of manganese stabilizing protein to trypsin hydrolysis reveals that
increasing the temperature from 4 to 25‡C will cause some acceleration in the rate of proteolysis. However, addition of low
(100 WM) concentrations of NH2OH, that are sufficient to reduce, but not destroy, the photosystem II Mn cluster, causes a
change in PS II-bound manganese stabilizing protein that causes it to be rapidly digested by trypsin. Immunoblot analyses
with polyclonal antibodies directed against the N-terminus of the protein, or against the entire sequence show that trypsin
cleavage produces two distinct peptide fragments estimated to be in the 17^20 kDa range, consistent with proposals that
there are 2 mol of the protein/mol photosystem II. The correlation of trypsin sensitivity with Mn redox state(s) in
photosystem II suggest that manganese stabilizing protein may interact either directly with Mn, or alternatively, that the
polypeptide is bound to another protein of the photosystem II reaction center that is intimately involved in binding and
redox activity of Mn. ß 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction
Photosystem (PS) II is a multi-subunit complex
consisting of intrinsic and extrinsic proteins. Em-
bedded within the intrinsic protein domain are the
sites that ligate the essential inorganic ion cofactors
(4 Mn, Ca2 and Cl3) that are required for the 4 elec-
tron oxidation of water to O2 [1]. By analogy with
the structure of the bacterial reaction center, PS II
polypeptides called D1 and D2, respectively, have
been the focus of successful e¡orts to demonstrate
the presence of the other components (P680, Pheo
a, and quinones) of primary charge separation in
PS II [2]. Other reaction center polypeptides include
two large species called CP47 and CP43 that ligate
0005-2728 / 01 / $ ^ see front matter ß 2001 Elsevier Science B.V. All rights reserved.
PII: S 0 0 0 5 - 2 7 2 8 ( 0 0 ) 0 0 2 5 5 - 3
Abbreviations: anti-EMSP, polyclonal antibody directed
against the entire manganese stabilizing protein sequence; anti-
NTMSP, polyclonal antibody directed against the 28 N-terminal
amino acids of manganese stabilizing protein; CAPS, 3-[cyclo-
hexylamine]-1-propanesulfonic acid; Chl, chlorophyll ; CP47,
CP43, photosystem II antenna proteins with apparent molecular
masses of 47 and 43 kDa, respectively; DCBQ, 2,6-dichloro-p-
benzoquinone; DMF, dimethylformamide; LHC, light harvesting
complex; MES, 2-(N-morpholino) ethanesulfonic acid; MSP,
manganese stabilizing protein; NBT, nitro blue tetrazolium;
OEC, O2-evolving complex; PS, photosystem; PVDF, polyvinyl-
idene di£uoride; SMN, bu¡er composed of sucrose (0.4 M)/MES
(50 mM, pH 6/10 mM NaCl); TPCK, N-tosyl-L-phenylalanine
chloromethyl ketone
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antenna chlorophyll (Chl) a molecules. Both proteins
contain large (ca. 190 amino acids) extrinsic loops
that are predicted to protrude towards the lumenal
side of the PS II complex when it is embedded in the
thylakoid membrane [3]. Other intrinsic proteins in-
clude a cytochrome (b559) of uncertain function and
several small polypeptides whose functions are like-
wise uncertain.
In addition to the intrinsic membrane components
of PS II, three extrinsic polypeptides are associated
with the native complex [4]. The proteins in eukary-
otes have molecular masses, estimated from SDS-
PAGE, of ca. 33, 23 and 17 kDa. Removal of the
smaller proteins facilitates inhibitory reductant at-
tack on the Mn cluster [5] and also results in a re-
lease of Ca2 and Cl3 from the O2-evolving complex
(OEC) [6,7]; high rates of activity are restored by
addition of unphysiological (mM) concentrations of
these ions. The current view is therefore that the 23
and 17 kDa proteins, when bound to PS II, form
part of a larger structure that prevents rapid ex-
change of Ca2 and Cl3 with the external medium
[7^9] and that shields the OEC from exogenous re-
ductants. The largest extrinsic subunit, of ca. 33
kDa, is also known as manganese stabilizing protein,
or MSP. Removal of MSP from PS II lowers steady-
state activity, slows the last step (S3CS4CS0 in the
Kok scheme [10]) of the H2O oxidizing cycle [11],
creates a demand for high Cl3 concentrations to
support the lowered rates of activity [12], and causes
a time-dependent loss of 2 of 4 Mn from the OEC
[13]. The latter phenomenon is reversed by addition
of high concentrations of Cl3 to MSP-depleted PS II
[13].
A number of experiments have addressed the
topology of MSP with respect to the intrinsic pro-
teins of PS II. Extraction/reconstitution experiments
indicate that MSP is exposed on the surface of PS II
[14^16], in agreement with structural models derived
from electron di¡raction studies [17] that suggest a
surface-located binding site for the subunit. Removal
of MSP exposes lysyl residues on the large lumenal
loop of CP47 to labeling with NHS biotin and to
monoclonal antibodies directed against this structur-
al feature of the protein [18^20]. The zero-length
crosslinking reagent 1-ethyl-3-(3-dimethylaminoprop-
yl) carbodiimide (EDC) crosslinks MSP to the extrin-
sic loop of CP47 [21,22] at a site within a sequence
composed of the region from Glu364 to Asp440 on
the CP47 extrinsic loop, and a region encompassing
ca. 76 amino acid residues at the N-terminus of MSP
[22]. Site-directed mutations in the extrinsic loop of
CP47 con¢rm the cross-linking results. These muta-
tions are found predominantly in the amino acid se-
quence region Ala373 to Arg385 [23,24] in the extrin-
sic loop. Defective assembly of MSP is apparent in
these mutants; electron transfer is a¡ected and, in
some cases, increased concentrations of exogenously
added Cl3 are necessary for optimum growth of mu-
tant cyanobacterial cells [24,25].
A possible interaction between MSP and the ex-
trinsic loop of CP43 has also been detected. Experi-
ments employing trypsin digestion of MSP-depleted
PS II preparations revealed an enhanced digestion of
CP43 [26]. Although no cross-linking between MSP
and CP43 has been detected, the proteolysis result
suggests a strong relationship between the structural
integrity of MSP bound to PS II and exposure of the
CP43 lumenal loop to the protease. Proteolytic di-
gestion of MSP in intact PS II preparations has also
been examined. These experiments have demon-
strated extensive tryptic cleavage of PS II-bound
MSP [27,28], and in one case, it was reported that
trypsin hydrolysis of intact PS II membranes gener-
ated a transient, ca. 15 kDa fragment of the poly-
peptide [27].
Although the Lys (23 mol/mol) and Arg (6 mol/
mol) content of MSP sensitizes the protein in solu-
tion to extensive proteolysis by trypsin [29], when we
examined conditions for trypsin hydrolysis of MSP
bound to intact PS II it was found that MSP’s tryp-
sin sensitivity was in£uenced by the redox state of
the Mn cluster and by temperature. Exposure of PS
II to low (100 WM) concentrations of NH2OH that
reduce, but do not inactivate the Mn cluster acceler-
ates digestion of MSP by trypsin. Raising the tem-
perature at which digestion is carried out also in-
creases MSP hydrolysis. Probing with polyclonal
antibodies directed against the entire protein (anti-
EMSP) or against a 28 amino acid N-terminal frag-
ment of MSP (anti-NTMSP) suggest that the N-ter-
minus of MSP is more resistant to trypsin digestion
than is a second domain of the protein whose se-
quence lies outside the N-terminal domain. The re-
sults from these experiments suggest that MSP inter-
acts directly with the Mn cluster, or with another
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protein component of the reaction center whose
structure is regulated by the redox state of PS II Mn.
2. Materials and methods
2.1. Puri¢cation of PS II membranes
PS II membranes (so-called BBY preparations)
were isolated from market spinach according to the
procedure of Berthold et al. [30] as modi¢ed by Gha-
notakis, et al. [31]. The ¢nal resuspension bu¡er
(SMN bu¡er) contained 0.4 M sucrose, 50 mM
2-(N-morpholino) ethanesulfonic acid (MES) pH
6.0, and 10 mM NaCl; PS II membranes (2.8 mg
Chl/ml) were stored in SMN at 370‡C. The 17 and
23 kDa extrinsic proteins were removed from PS II
samples by incubation in 2 M NaCl [16] ; these salt-
washed PS II preparations retain native MSP and O2
evolution activity is restored by addition of CaCl2.
2.2. Protease treatment of intact PS II membranes
and salt-washed preparations
A variety of protease treatments were conducted
using control and salt-washed PS II preparations. N-
tosyl-L-phenylalanine chloromethyl ketone (TPCK)-
treated trypsin and Type-II chymotrypsin (both from
Sigma) were used in experiments to examine the
time-course of MSP hydrolysis. Type I-S trypsin in-
hibitor (Sigma) was used in all experiments to termi-
nate either trypsin or chymotrypsin proteolysis.
TPCK trypsin and Type-II chymotrypsin were dis-
solved in 1.0 mM HCl at a stock concentration of 15
mg/ml. Type I-S trypsin inhibitor was dissolved in
SMN bu¡er at 30 mg/ml.
All proteolysis experiments were carried out in the
dark in 1.5 ml Eppendorf centrifuge vials containing
the following: PS II (600 Wg Chl/ml) and 750 Wg
trypsin/ml which is equivalent to 6 mol trypsin/mol
MSP, along with su⁄cient added SMN bu¡er to give
a ¢nal incubation volume of 1.0 ml. Protease treat-
ments were carried out at 4‡C and 25‡C. Samples
were collected at 0, 5, 10, 20, and 30 min. After a
given incubation time, a vial was transferred to a
Sorvall SE-12 centrifuge tube (10 ml ¢nal volume)
containing su⁄cient trypsin inhibitor and SMN to
produce a ¢nal inhibitor:protease ratio of 2:1. The
tubes were mixed thoroughly and centrifuged at
15 000Ug for 15 min; the pellets were resuspended
and homogenized in 1.0 ml SMN bu¡er. For salt-
washed samples, 10 mM CaCl2 was also present dur-
ing incubation. As a control, the trypsin sensitivity of
soluble MSP was reexamined, plus or minus added
NH2OH. In agreement with other results [29], the
protein in solution was rapidly (92 min) degraded
by trypsin. Addition of NH2OH during trypsin ex-
posure produced no detectable e¡ects on the proteol-
ysis reaction (data not shown).
For experiments in which PS II membranes were
exposed to NH2OH, the reductant (100 WM ¢nal
concentration) was added at the start of the incuba-
tion period. Samples of intact PS II membranes ex-
posed to 100 WM NH2OH show no detectable loss of
Mn (as Mn2) or degradation of activity (data not
shown). In contrast, samples of PS II exposed to
1 mM NH2OH exhibit a s 90% conversion of Mn
to Mn2 over the time course of the experiments
reported here, with 100% loss of O2 evolution activ-
ity.
2.3. Chl determination
Chl was assayed in 80% acetone (v/v) according to
Arnon [32]. The concentration of PS II was based on
Chl concentrations and a stoichiometry of 250 Chl
per PS II complex [30].
2.4. Oxygen evolution assays
The O2-evolving activities of the PS II prepara-
tions and protease-treated samples were measured
under continuous illumination using a Clark-type
O2 electrode with 560 Wm 2,6-dichloro-p-benzoqui-
none (DCBQ) as the electron acceptor. In some ex-
periments, ferricyanide was used in addition to
DCBQ. The O2-evolution rates were typically 550
Wmol O2/mg Chl/h in native samples and 340 Wmol
O2/mg Chl/h in salt-washed samples with the addi-
tion of 10 mM CaCl2.
2.5. Protein analysis by SDS-PAGE and Western
blotting
SDS-PAGE was carried out using a Neville bu¡er
system described by Piccioni et al. [33]. Samples with
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Chl concentrations of 500 Wg/ml were incubated in
2.6 M urea/2% SDS/0.04% bromophenol blue/60
mM DTT/50 mM Na2CO3 at 37‡C for 20 min, yield-
ing a ¢nal Chl concentration of 250 Wg/ml. Approx-
imately 16^20 Wg of Chl were loaded per gel lane to
assure optimal resolution for gel and Western anal-
ysis. Samples were analyzed using a slab gel contain-
ing 6% (stacking) and 13% (resolving) acrylamide
with 4 M urea. Gels were stained with Coomassie
brilliant blue.
Western blotting was performed in a Bio-Rad
Trans Blot Cell apparatus using two ¢lter/bu¡er me-
dia as in [34], with modi¢cations as follows: The gels
were removed from their resolving apparatus and
soaked in 3-[cyclohexylamine]-1-propanesulfonic
acid (CAPS) transfer bu¡er (10 mM CAPS/10%
methanol/pH 11) for 30 min. Polyvinylidene di£uor-
ide (PVDF) membranes were pre-treated with etha-
nol and then soaked in CAPS bu¡er for 30 min. This
gel/PVDF membrane combination was then layered
between ¢lter papers and sponges and sandwiched
into a holder, which was loaded into the Trans
Blot Cell. PVDF blots were performed in CAPS
transfer bu¡er at 70 V for 1.5 h. Transfers were
done with the entire Trans Blot Cell packed in ice
water to prevent excessive heat buildup.
Following protein transfer, the PVDF membrane
was placed in a blocking solution of 5% nonfat dry
milk dissolved in TBS (20 mM Tris/154 mM NaCl/
pH 7.4) for 1 h. The blocking solution was removed,
and the PVDF membrane was placed in anti-EMSP
antibody or anti-NTMSP antibody solution for 1 h.
The anti-EMSP antibody and anti-NTMSP anti-
body, polyclonal antibodies directed against the en-
tire 33 kDa protein and a 28 amino acid N-terminal
fragment, were generous gifts from Drs. B.A. Barry
and T.M. Bricker, respectively. The PVDF mem-
brane was rinsed with TBS and placed in alkaline
phosphatase protein A conjugate in TBS at a con-
centration of 0.5 Wg/ml. After incubation for 1 h, the
membrane was rinsed with TBS. The protein A^anti-
body complex was detected by color development,
using a solution consisting of 198 Wl of BCIP (50
mg/ml in 100% dimethylformamide (DMF)) and 99
Wl of nitro blue tetrazolium (NBT) (50 mg/ml in 70%
DMF) in 30 ml alkaline phosphatase bu¡er (100 mM
NaCl/5 mM MgCl2/100 mM Tris, pH 9.5). Full color
development of the blot occurred in about 5 min; the
blot was placed in TBS/20 mM EDTA solution to
terminate color formation, and then air-dried be-
tween two pieces of ¢lter paper.
2.6. Other methods
The relative amounts of 33, 43, and 47 kDa pro-
teins were determined by integration of the Coomas-
sie-stained gel by LKB Laser Densitometer and Gel
Scan XL Software. For consistency, MSP band inte-
grals were normalized to the integral of the Coomas-
sie-stained 47 kDa band. The intensity of this band
varied from lane to lane in all gels examined, as
would be expected from small di¡erences in sample
loading. However, for trypsin proteolysis experi-
ments at 4‡C, this variation was random and was
una¡ected by the duration of proteolysis. Some pro-
teolytic degradation of CP47 was observed at 25‡C,
and/or at high trypsin concentrations. However, the
extent of MSP proteolysis substantially exceeded that
of CP47, whose staining intensity was used as a stan-
dard for purposes of comparison with other experi-
ments. For data analysis, Origin v4.1 (Microcal Soft-
ware, Inc.) was used.
3. Results
Fig. 1 presents proteolytic digestion patterns ob-
served with trypsin and chymotrypsin at 4‡C, using
intact PS II preparations. The Coomassie-stained
SDS gels shown here illustrate the di¡erence in sus-
ceptibility of MSP hydrolysis with respect to the two
proteases. The most prominent feature of PS II di-
gestion by trypsin is the well-documented decreased
mass of light harvesting complex (LHC) II [35,36],
owing to removal of several amino acids from the
stromally-exposed N-terminus of the protein. In the
case of chymotrypsin, more extensive digestion of PS
II proteins (e.g., CP47, CP43, MSP, LHC) was de-
tected. Hydrolysis of MSP by these proteases is
shown in more detail in Fig. 2, which presents rep-
resentative results of densitometer analyses of Coo-
massie-stained SDS gels. Some (about 20%) MSP
hydrolysis is observed upon exposure of PS II to
TPCK-treated trypsin. The cause of this partial sen-
sitivity of some PS II centers to trypsin attack is not
obvious; it is unlikely to arise from centers damaged
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during isolation, given the activities of the PS II
preparations used here. In contrast to the result
with trypsin, chymotrypsin exposure generates exten-
sive (ca. 80%) digestion of MSP. The trypsin results
in Figs. 1 and 2 di¡er from previous observations
[26^28]. In those experiments, more signi¢cant hy-
drolysis of MSP occurred with low trypsin/PS II con-
centration ratios. Two possible explanations for this
di¡erence are that the earlier experiments were con-
ducted at 25‡C, and that increased proteolysis might
have arisen from chymotrypsin contamination in
trypsin preparations used for MSP digestion. In the
latter case, various commercial trypsin preparations
commonly employed for experiments with PS II were
examined. Commercial trypsin preparations that are
not TPCK- treated, and which therefore may contain
varying amounts of chymotrypsin contamination,
produce more extensive MSP proteolysis than does
TPCK-treated trypsin (data not shown).
The results in Fig. 2 show that MSP resistance to
trypsin digestion is unlikely to be due to inaccessibil-
ity to the protease, since chymotrypsin is able to
digest MSP in intact PS II preparations. Because of
its signi¢cant Lys (23 mol/mol PS II) and Arg (6 mol/
mol) content, MSP in solution is highly susceptible
to hydrolysis by trypsin ([29]; data not shown). It is
thus likely that the structure formed by the complex between PS II and MSP obscures access of trypsin to
the basic amino acid residues of MSP that are sub-
strates for trypsin hydrolysis.
Results of immunoblotting experiments using
polyclonal antibodies directed against the N-terminal
28 amino acids (anti-NTMSP), or against the entire
MSP sequence (anti-EMSP), are shown in Fig. 3A,B.
For trypsin (panel A), a characteristic pattern of
MSP digestion consists of one major fragment that
is recognized by the N-terminal antibody (anti-
NTMSP), whereas anti-EMSP recognizes this frag-
ment and another species. The tryptic fragments
are labeled ‘A’ and ‘B’ in Fig. 3A. A larger number
of MSP fragments are observed after chymotrypsin
hydrolysis (Fig. 3B), consistent with the broader spe-
ci¢city of this protease. The proteolytic fragments
detected in Fig. 3 are tightly bound to the PS II
complex, since they are retained by PS II after wash-
ing to remove the proteases and trypsin inhibitor.
The data of Fig. 4 show that raising the trypsin
incubation temperature from 4 to 25‡C increases the
extent of proteolysis of MSP in intact PS II, consis-
Fig. 1. Proteolysis of PS II polypeptides resulting from either
trypsin or chymotrypsin treatment at 4‡C. Conditions of sample
treatment and electrophoresis are given in Section 2. Lanes 1^5,
trypsin-treated samples; lanes 6^10, chymotrypsin-treated sam-
ples. Lanes 1 and 6, control (no protease); lanes 2 and 7, 5 min
of protease treatment; lanes 3 and 8, 10 min of protease treat-
ment; lanes 4 and 9, 20 min of protease treatment; lanes 5 and
10, 30 min of protease treatment.
Fig. 2. Time course MSP proteolysis by either trypsin or chy-
motrypsin at 4‡C in intact PS II membranes. Coomassie-stained
SDS-gels were subjected to densitometric analysis as described
in Section 2. b, Undigested MSP remaining after chymotrypsin
treatment; 8, undigested MSP remaining after trypsin treat-
ment. For the trypsin experiment, the results shown constitute
the average extent of MSP hydrolysis that was observed in
three separate experiments. The variation in intensity of MSP
bands on the resulting Coomassie-stained gels is estimated to
be þ 5%. A similar variation in chymotrypsin hydrolysis ap-
peared to also be present, but was di⁄cult to quantify by densi-
tometry owing to extensive hydrolysis of MSP, such as that
shown in lanes 7^10.
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tent with previous results [26,27]. Increased proteo-
lysis of MSP could be due to increased rates of tryp-
sin digestion at 25‡C, from a temperature-induced
structural change in the PS II^MSP complex at the
higher temperature, or from both phenomena. To
explore these alternatives, the trypsin concentration
was increased 4-fold, and rates of digestion of PS II
at 4 and 25‡C were compared for low and high pro-
tease concentrations. Electrophoretic and immuno-
blotting analyses with antibodies directed against
MSP, shown in Fig. 5, indicate that the increase in
trypsin concentration does not yield a signi¢cant in-
crease in digestion of MSP at 4 or 25‡C. The same is
true of hydrolysis of CP47 and CP43, which was
observed at 25‡C in previous studies [26^28], and
of hydrolysis of LHC II (Fig. 5A). The high tryp-
sin/protein ratios (1.25 or 5 mg trypsin/mg Chl) used
in these experiments should allow for extensive diges-
tion of susceptible PS II proteins, even under condi-
tions of limited trypsin turnover at 4‡C. Therefore,
the e¡ects of temperature detected in these experi-
ments suggest that structural changes in PS II or in
MSP as well as some acceleration of the rate of tryp-
sin hydrolysis are responsible for increased proteo-
lysis at 25‡C seen in Figs. 4 and 5.
In order to further explore the trypsin resistance of
PS II-bound MSP, OEC Mn was perturbed. This
was accomplished by exposing PS II samples to
NH2OH simultaneous with trypsin digestion. When
used at low concentrations, NH2OH reduces the
OEC with insigni¢cant losses of O2 evolution activity
or Mn (37^43; data not shown), whereas at higher
concentrations (v1 mM), the reductant converts
OEC Mn to Mn2 with substantial losses of O2 evo-
lution activity ([39,40,43], data not shown). The data
of Fig. 6 show that reduction of the Mn cluster by
100 WM NH2OH, which does not a¡ect O2 evolution
activity, accelerates digestion of MSP. The most dra-
Fig. 4. E¡ect of temperature on trypsin hydrolysis of MSP.
Densitometric analysis of Coomassie-stained SDS-PAGE gels
was carried out as described in Section 2. b, Undigested MSP
remaining after proteolysis at 4‡C; F, undigested MSP remain-
ing after proteolysis at 25‡C.
Fig. 3. Immunoblot analysis of digestion of MSP in intact PS II at 4‡C by either trypsin or chymotrypsin using anti-NTMSP (directed
against the ¢rst 28 amino acids of MSP) and anti-EMSP (directed against the entire protein sequence). Conditions are described in
Section 2. (A) Trypsin-treated PS II samples. Lanes 1^5, time course of digestion probed with anti-NTMSP; lanes 6^10, time course
of digestion probed with anti-EMSP. Lanes 1 and 6, control; lanes 2 and 7, 5 min of hydrolysis ; lanes 3 and 8, 10 min of hydrolysis;
lanes 4 and 9, 20 min of hydrolysis ; lanes 5 and 10, 30 min of hydrolysis. (B) Chymotrypsin-treated PS II samples. Lanes 1^5, time
course of digestion probed with anti-NTMSP; lanes 6^10, time course of digestion probed with anti-EMSP. Hydrolysis times for each
lane are as given in (A).
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matic hydrolysis of the protein occurs at 25‡C (Fig.
6B). A distinctive feature of MSP hydrolysis under
these conditions is the peptide banding pattern re-
vealed by the immunoblots shown in Fig. 7. Fig.
7A shows the prominent fragments, ‘A’ and ‘B’, lo-
cated in the range of 15^20 kDa on the blot. Note
that the fragment reacting only with the anti-EMSP
antibody (fragment ‘A’) is less intense than the sim-
ilar fragment shown in Fig. 3A (trypsin digestion
without added NH2OH). When incubation with
trypsin and hydroxylamine is carried out at 25‡C,
MSP and its fragments are completely degraded
and disappear from the blot after about 20 min of
protease exposure (Fig. 7B).
An additional experiment was conducted in which
the concentration of NH2OH was increased 10-fold,
from 100 WM to 1 mM in order to cause nearly total
Mn extraction and loss of O2 evolution activity
[39,40,43]. This treatment also accelerates trypsin di-
gestion; native MSP completely disappears from
Coomassie-stained gels in 5 min when incubated at
25‡C (data not shown).
Fig. 6. E¡ects of temperature and NH2OH on trypsin digestion of MSP in intact PS II. Conditions are given in Section 2. The
NH2OH concentration was 100 WM. (A) Trypsin digestion of MSP at 4‡C with or without NH2OH. b, Undigested MSP remaining
after trypsin exposure in the absence of NH2OH; F, undigested MSP remaining after proteolysis with NH2OH present. (B) Trypsin
digestion of MSP at 25‡C with or without NH2OH. Symbols are the same as in (A). b, Undigested MSP remaining after digestion in
the absence of NH2OH; F, undigested MSP remaining after digestion with NH2OH present.
Fig. 5. E¡ects of temperature and trypsin concentration on proteolysis of intact PS II membranes. Conditions are given in Section 2.
Although limited proteolysis of CP47 is evident at the higher temperature and trypsin concentrations used here, this Coomassie-
stained band was used as an internal standard to facilitate comparison of results from the varied conditions. (A) SDS-PAGE analysis.
Lanes 1^4, digestion at 4‡C; lanes 5 and 6, intact PS II controls; lanes 7^10, digestion at 25‡C. Lanes 1 and 7, 10 min hydrolysis
with 1.25 mg trypsin/mg Chl; lanes 2 and 8, 10 min hydrolysis with 5 mg trypsin/mg Chl; lanes 3 and 9, 30 min hydrolysis with 1.25
mg trypsin/mg Chl; lanes 4 and 10, 30 min hydrolysis with 5 mg trypsin/mg Chl. (B) Immunoblot analysis using anti-EMSP. Times
of hydrolysis and protease concentrations are the same as in (A).
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The e¡ects of removing the extrinsic 23 and 17
kDa polypeptides on trypsin digestion of MSP were
also examined. Peptide banding patterns identical to
those found with intact PS II membranes were ob-
tained, and the only discernible di¡erence between
intact and salt-washed PS II preparations was an
apparent increase in the rate of MSP digestion in
the absence of the other extrinsic proteins (data not
shown).
The consequences to PS II activity of trypsin hy-
drolysis under the same conditions employed to di-
gest MSP were characterized; results are shown in
Fig. 8. Although hydrolysis of PS II with trypsin
does cause decreased O2 evolution activity, along
with digestion of MSP and the 23 and 17 kDa ex-
trinsic proteins, we did not observe the appearance of
a Ca2 requirement for O2 evolution activity. In ad-
dition, some electron acceptor side hydrolysis occurs,
which reduces the rate of O2 evolution activity cata-
lyzed by DCBQ; acceptor side modi¢cation is also
evident from the ¢nding that Fe(CN)336 -catalyzed ac-
tivity is increased by trypsin digestion. Together,
DCBQ and Fe(CN)336 restore up to 80% of activity
in samples trypsinized at 4 and 25‡C (Fig. 8). The
e¡ect on O2 evolution activity of NH2OH exposure
during trypsin digestion is summarized in Table 1. In
agreement with the extensive proteolysis induced by
the combination of the reductant and 25‡C (see Fig.
Fig. 8. E¡ect of trypsin digestion on O2 evolution rates. PS II samples were digested with trypsin and then assayed for activity as de-
scribed in Section 2. Rates are given as Wmol O2/mg Chl/h. (A) Digestion at 4‡C. F, DCBQ as electron acceptor; R, Fe(CN)336 as
electron acceptor; S, both acceptors present. (B) Digestion at 25‡C. Symbols are the same as used in (A).
Fig. 7. Immunoblot analysis of the e¡ects of temperature and NH2OH on trypsin digestion of MSP using anti-NTMSP and anti-
EMSP. (A) Digestion of MSP at 4‡C in the presence of NH2OH. Left, time course of MSP digestion probed with anti-NTMSP; right,
time course of MSP digestion probed with anti-EMSP. Lanes 1 and 6, control; lanes 2 and 7, 5 min. of hydrolysis; lanes 3 and 8, 10
min of hydrolysis; lanes 4 and 9, 20 min of hydrolysis; lanes 5 and 10, 30 min of hydrolysis. (B) Digestion of MSP at 25‡C in the
presence of NH2OH. Left, time course of MSP digestion probed with anti-NTMSP; right, time course of MSP digestion probed with
anti-EMSP. Times of hydrolysis for each lane are the same as in (A).
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7B), these experiments create the most severe damage
to O2 evolution activity.
4. Discussion
The results of the experiments reported here show
that in intact, active preparations, PS II-bound MSP
is accessible to protease hydrolysis by chymotrypsin
but is resistant to extensive trypsin cleavage under
the same conditions that result in chymotrypsin di-
gestion of the protein. This is an unexpected result
given MSP’s Lys (23 mol/mol) and Arg (6 mol/mol)
content [29], and its susceptibility to tryptic digestion
in solution [29]. The data of Figs. 1^5 suggest that
earlier reports on trypsin digestion of PS II-bound
MSP could have been due in some part to adventi-
tious chymotrypsin contamination. Chymotrypsin
readily digests MSP to create a peptide banding pat-
tern (Fig. 1) that is distinct from the pattern obtained
with trypsin. Use of TPCK-treated trypsin eliminates
the possibility of chymotrypsin contamination, and
of potentially misleading results on the trypsin sensi-
tivity of PS II-bound MSP. Under our conditions, a
small (ca. 20%) population of PS II-bound MSP is
subject to trypsin digestion. This hydrolysis was ob-
served in all preparations examined, so it is possible
that PS II samples contain reaction centers that are
partially disassembled owing to photoinhibition, or
that have not been completely assembled in the
course of biogenesis.
Our results identify two factors that a¡ect the sen-
sitivity of PS II-bound MSP to trypsin hydrolysis.
First, increasing the temperature of reaction mixtures
accelerates digestion of MSP (Fig. 4). This e¡ect is
likely due to a temperature-induced modi¢cation of
PS II structure, which may be accompanied by some
acceleration in the rate of trypsin hydrolysis. A 4-
fold increase in trypsin concentration at both 4 and
25‡C had minimal e¡ects on the amount of MSP
hydrolysis or on the rate of cleavage of the stromally
exposed N-terminus of LHC II (Fig. 5A). This result
indicates that digestion of PS II proteins is nearly
protease-saturated at the lower trypsin concentra-
tion. Therefore, increased MSP digestion 25‡C may
be due in some part to a temperature-induced struc-
tural change in the oxidizing side of PS II. Such a
temperature-induced structural change has been pro-
posed by Messinger, et al. [44], who found that the
oxidizing side of PS II exhibited temperature sensi-
tive behavior between 5 and 40‡C, with breaks in
Arrhenius plots between 20 and 25‡C.
The large peptide fragments, ‘A’ and ‘B’, that are
created by trypsin hydrolysis of native PS II mem-
branes, are generated at either digestion temperature.
Comparison of SDS-gels with the corresponding im-
munoblots for MSP shows that these fragments ex-
hibit mobilities in the range of 17^20 kDa, if electro-
phoretic mobilities of the extrinsic 23 and 17 kDa
polypeptide are used as markers. Fragment ‘A’ is
recognized by anti-EMSP only, while fragment ‘B’
is recognized by both anti-EMSP and anti-NTMSP.
This ¢nding eliminates the possibility that ‘B’ repre-
sents a sub fragment of ‘A’; that is, fragment ‘B’ is
not created by cleavage of fragment ‘A’. Therefore,
each fragment is created by a unique peptide bond
cleavage or set of cleavages in separate MSP mole-
cules. These results are consistent with ¢ndings that
indicate the presence of 2 mol MSP/mol PS II
[45,46]. Edman degradation of fragments ‘A’ and
‘B’ and the small peptide(s) near the running front
of the gel provided only limited information regard-
ing cleavage sites and we have been unable to use
these data to unambiguously identify the origin in
the MSP sequence of these fragments.
The second factor which a¡ects trypsin sensitivity
of PS II-bound MSP is revealed by exposure of in-
tact PS II membranes to 100 WM NH2OH, a concen-
tration that reduces, but does not inactivate or ex-
tract, the PS II Mn cluster [37^43]. This non-
inhibitory NH2OH concentration produces a dra-
Table 1
E¡ect of NH2OH and trypsin digestion on O2 evolution activ-
ity
Time (min) Activity (Wmol/h/mg Chl)
4‡C 25‡C
0 460 460
5 345 60
10 330 0
20 300 0
30 216 0
PS II samples were exposed to 100 WM NH2OH and to trypsin
(1.25 mg/mg Chl) as described in Section 2. Activity was as-
sayed with the combination of DCBQ and Fe(CN)336 as elec-
tron acceptors.
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matic acceleration of trypsin hydrolysis of MSP
(Figs. 6 and 7), which is complete within 10 min at
25‡C, as evidenced by disappearance of the protein
from SDS gels and from the corresponding immuno-
blots. Under these conditions, CP43 and CP47 also
undergo proteolysis (data not shown), in agreement
with results in [26,47]. Immunoblot analyses show
that addition of NH2OH along with trypsin pro-
duced two e¡ects. First, the relative abundances of
fragments ‘A’ and ‘B’ were reversed (BsA in the
presence of NH2OH), and second, a number of
smaller fragments appeared that were detected by
anti-EMSP only. This suggests that reduction of
the manganese cluster selectively exposes the domain
of MSP containing fragment ‘A’ to attack by the
protease. While it is possible that the reversal of rel-
ative fragment abundances could derive from a de-
crease in the amount of fragment ‘A’ produced, this
seems unlikely based on the presence of the large
number of smaller fragments detected speci¢cally
by anti-EMSP. The e¡ect of NH2OH on MSP tryp-
sin sensitivity appears, at least super¢cially, to be
similar to the e¡ect produced by increased temper-
ature, although NH2OH exposure produces a more
rapid and extensive proteolysis of MSP.
Data on the e¡ect of trypsin on PS II electron
transfer (Fig. 8) agree with other results [27] and
provide a useful diagnosis of trypsin-induced altera-
tions to PS II. The conditions employed for trypsin
digestion in the absence of NH2OH do not, in and of
themselves, produce a substantial loss of O2 evolu-
tion activity. Following digestion at 4 and 25‡C, ad-
dition of hydrophilic and lipophilic electron accep-
tors (Fe(CN)336 and DCBQ, respectively) restore O2-
evolution activity up to 85% of the activity of an
untreated control sample. The major modi¢cation
to PS II that is observed in these experiments is the
increased e⁄ciency of Fe(CN)336 as an electron ac-
ceptor, and the decreased e⁄ciency of DCBQ as an
acceptor at the PS II QB site. The data of Table 1
show that addition of NH2OH to increase the extent
of MSP hydrolysis also produces a condition under
which trypsin digestion causes damage to the O2-
evolving reaction that is most severe at 25‡C. The
extensive activity loss documented in Table 1 corre-
lates with loss of MSP to trypsin digestion, as shown
in Figs. 6 and 7.
Taken together, the data presented here show that
reduction of the PS II manganese cluster can produce
a dramatic change in the accessibility of MSP to
trypsin digestion. In concert with increased temper-
ature, from 4 to 25‡C, MSP is converted to a form
that is highly sensitive to proteolysis. It is likely that
exposure of Lys and Arg residues of MSP upon Mn
reduction must arise from a change in the conforma-
tion of the PS II-bound protein that exposes these
basic amino acid residues to trypsin. There are at
least two possible mechanisms by which Mn reduc-
tion could alter PS II-bound MSP:
1. MSP provides a ligand or ligands to the one or
more atoms in the Mn cluster that are disrupted
by Mn reduction. While there are no spectroscop-
ic data to support direct MSP^Mn interactions,
parallel-polarized EPR data indicate that removal
of the 23 and 17 kDa proteins [48] or the small
extrinsic proteins from cyanobacterial PS II prep-
arations [49] a¡ect the magnetic properties of the
Mn cluster. On the basis of these results, it seems
possible that PS II extrinsic polypeptides may be
in more intimate contact with the Mn cluster than
was previously suspected. This would be consis-
tent with less direct biochemical experiments that
have shown that removal of the Mn cluster modi-
¢es the MSP^PS II interaction [15,50].
2. MSP is bound to, or interacts with, a PS II sub-
unit that provides ligands to the PS II Mn cluster.
Models for PS II structure propose that the reac-
tion center D1 protein is the site of Mn ligation.
This is supported by site-directed mutagenesis
(identi¢cation of amino acid residues that a¡ect
assembly and stability of the Mn cluster [51^53])
and spectroscopic probing (estimations by mag-
netic resonance techniques of the distance between
Mn and YZ [54,55]). Recent work on two-dimen-
sional crystals of the PS has led Kuhlbrandt and
Barber [56,57] to propose that CP43 interacts
closely with D1 (and CP47 with D2). If this is
the case, then reduction of D1-associated Mn
might induce changes in the CP43^D1 interaction
that are transmitted to MSP. The ability of
NH2OH to induce changes in PS II structure
that facilitate trypsin hydrolysis of reaction center
subunits in the order MSPsCP43sCP47 (Fig. 6,
data not shown, [26,47]) would be consistent with
such a model. Either model may provide an ex-
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planation for the observed e¡ects of MSP removal
on the redox activity and stability of PS II Mn.
Disruption of MSP^Mn ligands, or introduction
of small structural changes in other proteins that
ligate Mn could contribute to the loss of cluster
stability.
Detection of structural or conformational changes
in MSP associated with its interaction with PS II are
not entirely unanticipated. For example, changes in
the secondary structure content of MSP upon bind-
ing to PS II [58] have been detected using isotope
editing and FT-IR. Other investigations, on the
structure of the reaction center of Rhodobacter
sphaeroides, have demonstrated structural changes
associated with redox activity. In the charge-sepa-
rated state, the reaction center is more susceptible
to trypsin digestion at sites on both the oxidizing
and reducing sides of the protein complex, and
long-term digestion leads to inhibition of charge sep-
aration [59]. Structural studies on reaction center
crystals under illumination have revealed a 5 Aî shift
in the position of Q3B relative to that of QB in un-
illuminated crystals [60]. Given the similarities be-
tween the bacterial and PS II reaction centers, it is
possible that the changes we observe upon Mn re-
duction re£ect redox-induced structural changes of
the type that have been documented in R. sphae-
roides. Experiments are underway to determine if
light-induced structural changes can be detected in
PS II.
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